The running-in behavior and the associated transient friction characteristics of a piston ring with different surface treatments are experimentally evaluated using a custom-made engine testing apparatus. Results are reported for a series of running-in and steady-state experiments on piston rings with different combinations of coated and textured surfaces. Comparisons are provided between five different types of piston rings: (1) with no textures; (2) with textures only; (3) with coating only; (4) first textured and then coated; and (5) first coated and then textured. A combination of the texturing and coating showed 12.5% improvement in the frictional behavior and up to 50% improvement in break-in time compared to cases when only one surface treatment was applied.
Introduction
Manufacturers of internal combustion engines continuously face the challenging task of finding means to reduce fuel consumption and emissions in an attempt to improve the engine efficiency. Research shows that frictional loss in an internal combustion engine is the most important factor in determining the fuel economy and performance of a vehicle. Typically, a single passenger car uses an average of 89.82 gallons of fuel per year to overcome friction, which amounts to $206.6 according to the average gas price in the United States in 2017 [1] . Quantitatively, about 33% of fuel in a car is used to overcome friction [1] , and 50% of the friction losses in an internal combustion engine is due to the piston/cylinder system, of which 70-80% comes from the piston rings [2] . Therefore, improving the tribological behavior of piston rings can have a major impact on the engine performance with concomitant benefits of reducing fuel and oil consumption.
One method for improving piston rings' performance is to take advantage of recent developments in surface texturing and coating technology. Surface texturing involves creating micro patterns on one of the contacting surfaces, while surface coating requires depositing a thin layer of a suitable material on one or both surfaces to improve the component's friction and wear characteristics. The performance of textured surfaces is affected by the geometric characteristic of textures and studies have shown that dimensional uncertainties due to manufacturing tolerances can affect the performance of textures [3, 4] .
Relevant to improving engine performance, Ryk and Etsion [4] were one of the first groups to conduct an experimental study on the hydrodynamics of a textured piston ring. They designed a test rig capable of keeping the lubrication rate constant to measure the friction between a section of the ring and a section of the cylinder liner. The dimples created on the piston rings had a diameter of 100 mm, depth of 10 mm, and area ratio of 20%. As a result, a friction reduction of 20% to 30% was observed. In a later work [5, 6] , a design was proposed wherein only a portion of the piston ring was textured. Comparison with non-textured surfaces revealed that a 25% reduction in the friction can be achieved by partial texturing. In a subsequent study, Etsion and Sher [7] compared the fuel efficiency and emission of engines equipped with partially textured and non-textured barrel shape piston rings installed in an engine and reported a 4% reduction in the fuel consumption. The effect of texturing circular dimples with different diameters and depths on the piston ring surface was studied by Bolander and Sadeghi [8] . Based on their results, textured piston rings with shallow dimples yielded a lower friction compared to deeper grooves. In a recent study, Shen and Khonsari [9] proposed a textured design with a micro trapezoidal shaped oil pocket on the inlet and outlet of the ring face. They suggested that during the reciprocating motion of the piston, the pockets perform akin to small step-bearings and can generate additional load-carrying capacity with improved frictional behavior, without compromising the blow-by characteristics.
The existing literature also contains studies of different coating materials for piston ring applications [10] [11] [12] [13] . Many researchers have focused on diamond-like carbon coatings (DLC) that are known to have a low propensity for tribochemical reactions and adhesive wear. In general, these properties result in a lower coefficient of friction compared to the metallic layer or hard coatings [14] . Plasma coatings for application on piston rings have also been investigated and promising results have been reported [10] . With the capability of reducing friction, coatings have been shown to improve the thermal performance of pistons. For example, Buyukkaya [11] showed that the application of a ceramic coating would, in some cases, lead to 48% improvement in the thermal conductivity of pistons.
Experimental tests dealing with surface texture alone have revealed that sharp edges created around the circumference of the dimples tend to scratch the mating surface. This is particularly crucial when thermally-and mechanically-induced waviness is generated on the surface and, as a result, the sharp edges tend to orient themselves along the surface undulations and further contribute to cutting and scratching, particularly during the running-in stage [15] . One technique to overcome such a drawback is to treat the textured surfaces with the coating. Examination of the available publications in the open literature reveals, however, that the transient behavior of piston rings during the running-in stage has not been thoroughly investigated, particularly in applications involving the use of a combination of coating and surface texturing. In this paper, we investigate the effect of texturing and coating and the sequence of each of these surface treatments on the tribological performance of oil control rings. Results are presented for different combination scenarios of surface textures and coatings including the breaking-in time, transient, and the steady-state frictional characteristics.
Materials and Methods

Experimental Setup
A custom-built engine testing apparatus with a reciprocating piston instrumented for friction measurement was used to conduct the experiments. The apparatus was equipped with a diesel engine piston, piston rings, cylinder liner, and connecting rod. An electric motor drives the crankshaft through a set of pulleys. Rotation of crankshaft creates a reciprocating movement of the piston assembly. The pulley drive ratio is 3.4:2.5. A larger pulley connected to the crankshaft also functions as a flywheel to smooth the motion of the piston. To achieve smooth motion in the axial direction, the cylinder liner should remain in the center position. For this purpose, each lateral support is equipped with two ball bearings. Figure 1 shows the schematic of the test rig.
Similar to the lubrication system of a real engine, a nozzle sprays the lubricant on the lower surface of the piston and cylinder liner. Holes in the piston deliver the lubricant to the cylinder wall and lubrication is regulated by the oil control rings [16] . A full description of the experimental setup can be found in [16] . 
Sample Preparation
The piston ring-pack consists of three compression rings and two oil control rings. The reason for using piston rings from a diesel engine is that their axial ring width is larger than those in a gasoline engine. Therefore, relatively large pockets can be created on the ring surface in order to make the effects of lasered pockets easier to fabricate and measure. Further, in a diesel engine, the ring's tension force and the number of compression rings are greater. This can lead to higher and more noticeable piston ring friction. The micro-pockets and coating are machined only on the sliding surface of the oil control rings. This surface is made of cast iron with a diameter of 99 mm and a width of 2.36 mm. An optical surface profile of an untreated compression ring along with surface roughness parameters are given in Figure 2 . A fiber laser with a wavelength of 1064 nm was used to fabricate micro-textures. The shape and distribution of the pockets are first designed using CAD software and then imported into the laser texturing device. Figure 3 shows the surface of a laser pocketed compression ring. The geometric parameters of the pockets are listed in Table 1 . The optimal range of the pocket size was selected based on a previous study [9] . 
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mm
In this research, a Piezobrush ® PZ2 (Relyon Plasma GmbH, Regensburg, Germany) was used for coating the samples. This instrument uses a Piezoelectric Direct Discharge technology to transfer the low voltage input into the high AC voltage. As a result, a strong electric field is produced that dissociates and ionizes the ambient process gas (air) and deposits a thin layer of material on the surface of the specimen. The advantages of this method are that the coating can be easily and inexpensively applied at a rapid rate. A previous study demonstrated that for this type of coating, the spraying distance and its angle are the most important parameters that influence the hardness, porosity, and coating roughness of the plasma spraying [18] . Accordingly, in the current study, the coatings were sprayed an angle of 45° at a distance of 12 cm, and each segment of the rings was coated for 3 min. Rings were rotated at a constant speed to ensure the identical thickness of the coatings all around the rings.
Results and Discussion
In this section, the experimental results obtained from the friction tests are presented and discussed. Five sets of piston rings were tested. The first set was coated with the plasma gun, the next set was textured only without coating, the third set was coated identical to the first set but then textured, and the fourth set was textured and then coated, just like set numbers 1 and 3. Finally, the fifth set was neither coated nor textured for reference purposes. The sample's specifications are reported in Table 2 . Figure 3 . Image of pocketed compression ring [14] . Table 1 . Geometric parameters of lasered pockets [14] .
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Pocket shape Trapezoidal
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Conclusions
Plasma coating and micro-pockets with optimal geometries were selected based on a previous study [15] and fabricated on the running surface of compression rings using a laser. The results show that the combination of coating and texturing not only reduced the running-in time but also yielded the lowest piston ring frictional force in an engine test. Specifically, a 15% reduction in friction force was observed where the piston rings were textured and then coated. The close second best behavior was observed when the rings were coated and then textured. At higher speeds, the difference between the rings sets with coating and texturing was reduced. Texturing and coating alone would also improve frictional behavior as well. The friction test results showed that the combination of coating and laser texturing yielded a reduction of 11%-15% in the total friction between the cylinder liner and piston assembly over a wide range of speed. Also noteworthy is the favorable results of 40% reduction in the break-in duration when the combination of coating and texturing was applied. 
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